A gas-liquid type of first-order phase transition is reported by the particle dynamics based on the XY model of magnetic systems. In the model each coordinate of particle is a compact variable on a radius-R circle, and appears as the angle-variable of the magnetic model. It is clarified that the phase transition in the model, in contrast to the 1d magnetic systems, is due to the different appearance of radius R (volume V ) in the particle dynamics interpretation of the magnetic model.
The ordinary dynamics of free particles does not lead to any kind of phase transition. In particular, the one-particle partition function at temperature T = β −1 for a particle of mass m in a d-dimensional box of volume V = L d is given by [1] 
in which S 0 is the imaginary-time action in the sliced-time form
with a = β/N as the tiny time-slice parameter. The representation (1) is to be supplemented by the periodic condition x i 0 = x i N (in the continuous-time form x i (0) = x i (β)). In L → ∞ limit (1) reduces to the well-known expression [2] Z 0 (β, V ) = (2πm/β) D/2 V
By means of the free-energy A = −T ln Z, the equation-of-state P = −(∂A/∂V ) T leads to P = T /V , by which one expects the thermodynamics of a single-phase ideal gas. In the present work a model is considered for particle dynamics based on the XY model of magnetic systems. The model was initially considered in [3] , with emphasize on the phase structure due to variation of the defining parameter of the model. In the present work however the main concern is the first-order phase transition based on the P V -diagram by the model, qualitatively similar to the liquid-gas of the van der Waals gas [2] . In the proposed dynamics the coordinates of particle appear in place of angle-variables of the plane-rotator XY model. The initial point is the imaginary-time action
in which "a" appears as the chain spacing parameter on the discrete world-line. The coordinate x i is treated as compact variable for which we assume
The treatment of coordinates as angle variables may be considered as a continuation of the agenda originated by lattice gauge theories, in which the gauge fields act as angle variables [4, 5] . The action (4) reduces to the ordinary one (2) in the limit x i /R 1. Using the transfer-matrix method it is easy to obtain the energy spectrum by the imaginary-time action. According to the recipe, the element of transfer-matrix V = exp(−a H) between two adjacent times n and n + 1 is given in terms of the imaginary-time action [1] 
In the Fourier basis x|s = exp(i s x/R)/ √ 2πR, one finds for the energy [3, 6] 
in which s i 's are integers, and I s is the modified Bessel function. At the extreme large radius mR 2 /a 1, using I s (α)
exp(−s 2 /2α) for α s, one finds
as the ordinary kinetic energy of a particle moving with momentum p i = s i /R in the compact direction with radius R. The interesting point is about the ground-state E 0,··· ,0 , for which it is easy to see a minimum is developed at radius R = 0.79 a/m [3] . This is an indication that the system exhibits a first-order phase transition, as we will see later. The partition function may be evaluated either by the definition
or by means of the representation (1) (β in a units) [ 
supplemented by the periodic condition x 0 = x β . In the present case the equivalence of (9) and (10) is checked numerically. By either (9) or (10) it is easy to see that
simply because the action (4) is fully separable in x i 's. The XY model of magnetic systems is well known to exhibit no phase transition in d = 1 case (spin chain). As in the present interpretation the system is reduced to d copy of 1-dim XY model, it is necessary to clarify the source of the announced first-order phase transition. The 1-dim XY model of magnetic systems is given by the Hamiltonian
with J as coupling constant, and θ n as the orientation of n-th classical spin on the chain. The partition function for the magnetic system at temperature T = 1/β is given by
Now the key point is that the coupling J is absent in cosine functions of (12) and (13), in contrast to the particle dynamics interpretation, in which the radius R appears both in front and inside the cosine functions of (4) and (10). The way of appearance of radius R makes the fundamental difference between two interpretations of the 1-dim XY model. In the particle dynamics side one may get rid of R inside cosine functions by defining the angle variables θ n = x n /R with −π ≤ θ n ≤ π. However, this does not remove R's completely, as R's would rise in the integral-measure of (10), explicitly as
by which the different appearance of R in comparison with J in (13) is observed. Concerning the energy spectrum, it is easy to check that the presence of mR 2 /a in logarithm of energy (7) is responsible for the earlier mentioned minimum in the ground-state energy at radius R = 0.79 a/m. This extra appearance of R does not have an analog for J in the spectrum of 1-dim magnetic system [6] . Now again, by the new variables θ n = x n /R in the transfer-matrix (6) the presence of R is not totally removed, as it comes back in the new basis by the relation |x = |θ / √ R as a pre-factor for transfer-matrix (6) (the issue of tuning of pre-factor in the definition of transfer-matrix element is discussed in [7] ). In summary, in a particle dynamics interpretation of 1-dim XY model for compact coordinates, it is the way of appearance of radius that leads to the rich phase structure in comparison with the 1-dim XY model of magnetic systems.
The partition function (9) can be directly used to study the phase structure by the model via the free-energy A = −T ln Z. Hereafter we use the units with m/a = 1, and consider the case d = 3, in which the volume and radius are related by V = (2π R) 3 or R = V 1/3 /2π. As the consequence of the mentioned minimum in lowest energy at radius R , at sufficiently low temperatures where the ground-state has considerable contribution to Z, we expect parts in isothermal AV -diagrams in which there are points with common tangents (slopes). In Fig. 1 the isothermal plots of free-energy are presented, which clearly confirm this expectation for diagrams below the critical temperature T c = 0.335 . With pressure as the slope by the equation-of-state P = −(∂A/∂V ) T , by Fig. 1 it is also expected that in parts of isothermal P V -diagrams there would be different volumes with equal pressure. Both of the mentioned behaviors are similar to those by the well known van der Waals gas equation-of-state [2] . It is known that in real situation the system would follow a different path in P V -diagrams below T c , connected to the transition between more dense and less dense phases. To reflect the real situation the P V -diagrams are to be modified based on the so-called Maxwell construction [2] , by which the diagram has a part with constant pressure, the so-called vapor-pressure. At the constant pressure part the system experiences a phase transition, and consists of two coexistent phases [2, 8] . In Fig. 2 the samples of P V -diagrams are presented, in which both unmodified path (dashed line) and modified one are present. As the consequence of the mentioned behavior of free-energy, it is known that the plots of the Gibbs energy G = A + P V versus pressure, in which ∂G/∂P represent the inverse-density, shows different slopes at the phase transition point [2, 8] , as it should be in a first order phase transition. The P V T -surface of states are presented in Fig. 3 , which is quite reminiscent to the one of a system with the liquid-gas phase transition [2] . In summary, a particle dynamics interpretation of the XY model is considered, in which the coordinates are assumed to be compact variables, appearing as angle-variables of the magnetic model. The present interpretation may be considered as a continuation of the agenda leading to the lattice formulation of gauge theories. Accordingly, the gauge fields in ordinary formulation are assumed to be compact angle-variables in lattice formulation [4, 5] , leading to the rich phase structure. In the present model it is clarified that the way of appearance of radius (volume) leads to a first order phase transition, similar to the one by the P V -diagrams of gas-liquid systems.
The extensions of the present model to magnetic systems other than the XY model and other statistics (Bose and Fermi) could be of interest. A possible application of the present model may be in the cosmological context. In present cosmological models it is assumed that the matter ingredients obey the ordinary dynamics with known thermodynamics. It is of importance to see how the phase transition by the present model affects the different stages of Universe during the expansion, through which the system is driven from extremely small sizes to its present extent. Another possibly applicable observation by the model is about the coexistent phases of lower and higher densities in a wide range of volumes at T ≈ 0 (the gray thick line on V -axis of Fig. 2) . A possibly extra coexistent higher density phase may find a natural place in explanation of the apparently missing matter in the Universe, the so-called dark matter.
